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2009: Joint CDF+Dzero W&C seminar on first Higgs exclusions since LEP era 
Back then Higgs was sort of “new” physics we were looking for 

6 years later  
 

Last SM particle discovered  
 

Collider based hunt for new physics 
continues at the LHC 

 
But LHC Physics Center (LPC) at FNAL is a 

special place for CMS  
 

And W&C remains a special seminar LPC	  CMS	  Data	  Analysis	  School’2016	  

Things	  evolve	  quickly	  in	  particle	  physics	  
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Large Hadron Collider!
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Large Hadron Collider!
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We	  are	  
here	  

7-‐8	  
TeV	  

13	  TeV	  
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Large Hadron Collider!
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Higher Energy = discovery ?!
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W,Z	  

Top	  

Tevatron	  (FNAL)	  

SPS	  (CERN)	  

Higgs	  
???	  

LHC	  Run-‐1	  (CERN)	  

LHC	  Run-‐2	  
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What does more energy mean?!

1/15/16	  



CMS Detector!
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CMS Collaboration!
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2700	  physicists,	  180	  institutions	  from	  43	  countries	  
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Higgs Discovery!
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From	  commissioning	  in	  2010	  
to	  Higgs	  discovery	  in	  2012	  

H-‐>ZZ-‐>4leptons	  
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452	  papers	  submitted	  

Single	  	  
bosons	  

Di	  	  
bosons	  

Top	  	  
quark	   Higgs	  

More than “just” 
Higgs 

Detailed	  exploration	  of	  the	  Standard	  Model	  
!  Rare processes 

!  Top quark mass and other properties 

!  Bs->μμ observation  

!  many others 
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Broad	  program	  of	  Exotica	  searches	  
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More than “just” 
Higgs 
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And	  B2G	  searches	  	  
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CMS Searches for New Physics Beyond Two Generations (B2G)

95% CL Exclusions (TeV)

Excluded Mass (TeV)
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More than “just” 
Higgs 

Mass scales [GeV]
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

SUSY:	  	  	  	  not	  “around	  the	  corner”	  
!  gluino	  exclusions	  up	  to	  ~1.4	  TeV	  
!  Stop	  exclusions	  ~	  700	  GeV	  
!  EWK	  gauginos	  up	  to	  ~300	  GeV	  

S.Jindariani,	  Fermilab	  W&C	  seminar	   14	  

Gluinos	  

Stop	  

EWK	  gauginos	  

Sleptons	  

RPV	  

Squarks	  

1/15/16	  



Intriguing features of Run-1data!
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Diboson	  resonances	   Dilepton	  +	  jets	  +	  MET	  

CMS	  excess	  ~	  2.6	  sigma	  below	  
the	  Z	  mass	  
ATLAS	  reports	  3.0	  sigma	  excess	  
but	  in	  the	  Z-‐peak	  region	  JP Chou’s W&C seminar: 

http://theory.fnal.gov/jetp/talks/JPWineAndCheese.pdf	  

~	  1.5	  sigma	  	  ~	  3	  sigma	  	  

1/15/16	  



CMS detector for Run-2!
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Pixel	  repairs	  

New	  beampipe	   Luminosity	  monitor	  

Improved	  Trigger/DAQ	  

4th	  Muon	  Station	  
HPD	  -‐>	  SiPM	  in	  HO	  

1/15/16	  



CMS detector for Run-2!
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Fraction of active channels in Run-1 vs Run-2 
 
Stayed stable during the year 

90%	   95%	   100%	  

1/15/16	  



CMS magnet!
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!  Impaired performance of the cryogenic system 
 
!  Maximize “Up-Time” of the magnet 

!  ¾ of 13 TeV luminosity recorded with magnetic 
field ON 

!  Repair and cleaning of the cryo system during the 
Year End Technical Stop 

!  We foresee the system to be ready by April 
!  well ahead of the start of physics production 

of LHC in 2016  

1/15/16	  



Integrated Luminosity!
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With	  magnet	  ON:	  2.8	  [-‐1	  

	  
Certified	  ALL	  good:	  2.2	  [-‐1	  
 

Some	  analyses	  use	  more	  (up	  to	  2.8	  [-‐1)	  

Commissioning results in Artur Apresyan’s talk: 
http://theory.fnal.gov/jetp/talks/Apresyan_W&C.pdf  

1/15/16	  



CMS Run-2 results!
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!  33 public results based on 13 TeV data!
!  http://cms-results.web.cern.ch/cms-results/public-results/

preliminary-results/LHC-Jamboree-2015.html!

	  
	  
 
	  
	  
	  	  

	  
	  

TOP	  

QCD	  and	  EWK	  

	  Higgs	  signal	  regions	  remain	  
blinded	  

SUSY	  searches	  

Exotica	  searches	  
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What	  am	  I	  going	  to	  show:	  

!  Standard	  Model	  “candles”	  

!  Strong	  SUSY	  

!  Resonance	  searches	  

1/15/16	  



Light the candles!
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Single	  Bosons	  

W and Z production cross-section 
Also measure ratios (removes lumi and theory uncertainties) 

1/15/16	  



Light the candles!
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Heavy	  Dibosons:	  

	  σ(WZ)=36.8±	  4.6	  (stat)	  +8.1-‐6.2	  (syst)	  ±	  0.6(theory)	  ±	  1.7	  (lumi)	  pb	  
	  
Theory	  prediction:	  42.7+1.6-‐0.8	  	  pb	  	  
	  

	  σ(ZZ)=16.7	  ±	  +2.9-‐2.6	  (stat)	  +0.7-‐0.5(syst)	  ±	  0.3(theory)	  ±	  0.8	  (lumi)	  pb	  
	  
Theory	  prediction:	  16.5+0.7-‐0.5	  	  pb	  	  

1/15/16	  



Light the candles !
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Top – one of the major backgrounds in many searches  

	  σ=769	  ±	  60	  (stat)	  ±	  55	  (syst)	  ±92	  (lumi)	  pb	  

σ(theory)	  =	  832+40	  pb	  

Also	  measure	  cross-‐section	  in	  lepton+jets	  
channel	  	  (inclusively	  and	  differentially).	  	  

Top	  pairs	  

Single	  top	  t-‐ch.	  

σt−ch	  =	  274	  ±	  98	  (stat.)	  ±	  52	  (syst.)	  ±	  33	  (lumi.)	  1/15/16	  



SUSY-driven searches!
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SUSY!
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Strong gluino pair production has 
largest cross-section 

1/15/16	  



SUSY!
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SUSY!

S.Jindariani,	  Fermilab	  W&C	  seminar	   28	  

!  Sensitive to broad range of models. Main focus with early dataset. 

!  Four analyses. Three with strong connection to the LPC.  

!  Use different topological variable to discriminate data from BGs. 

!  Use different background prediction techniques (data driven!) 

!  Cross-check! Cross-check! Cross-check! 

1/15/16	  



SUSY hadronic!
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g-‐>bbχ	   g-‐>ttχ	   g-‐>qqχ	  

!  Large number of jets 
!  Large missing transverse 

1/15/16	  

χ0	  

ET
miss	  

χ0	  

Jets	  



SUSY hadronic!
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g-‐>bbχ	   g-‐>ttχ	   g-‐>qqχ	  

Z	  

ν	   ν	  
Z+jets:	  

1/15/16	  

Typical	  backgrounds:	  	  

ET
miss	  



SUSY hadronic!
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g-‐>bbχ	   g-‐>ttχ	   g-‐>qqχ	  

Not	  reconstructed	  lepton	  

Real	  ET
miss	  from	  

the	  neutrino	  

Typical	  backgrounds:	  	  

1/15/16	  

Lost	  Lepton:	  



SUSY hadronic!
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Other analysis use different variables:  MT2, αT,  “Razor” 

Classic	  case	  HT	  +	  HT
miss:	  

 
-  HT = Σ ET

jets 

 
-  HT

miss:  ~ ET
miss from jets 

1/15/16	  



SUSY hadronic!
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Data consistent with SM expectation 

(HT,	  HT
miss)	  	  

unrolled	  into	  1D	  

1/15/16	  



SUSY hadronic!
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Data consistent with SM expectation 

g-‐>bbχ	  g-‐>qqχ	   g-‐>ttχ	  

1/15/16	  



SUSY hadronic!
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Set limits in ( gluino, neutralino  ) mass plane 

Exclude gluino masses up to 1.7 TeV within this model 

Run-1 -> Run-2 

Run-1 	  

1/15/16	  



SUSY hadronic!
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!  For some signal models leptonic channels contribute significantly 

!  Some analyses combine: 

“Razor”	  analysis	  	  
example	  

Combining	  Black	  (1-‐
lepton)	  and	  Green	  

(0-‐lepton)	  

1/15/16	  



Dilepton + MET!
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Two	  leptons	  (same	  flavor,	  opposite	  charge),	  jets	  and	  MET	  
CMS	  Run-‐1	  result	  ATLAS	  Run-‐1	  result	  

1/15/16	  



Dilepton + MET!
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Two	  leptons	  (e+e-‐	  or	  μ+μ-‐),	  jets	  and	  ET
miss	  

CMS	  Run-‐1	  result	  ATLAS	  Run-‐1	  result	  

On-‐shell	  Z	   Edge	  1/15/16	  



Dilepton + MET!
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Drell-Yan like 
background 
 
Enters through 
limited detector 
resolution of the 
hadronic recoil 

Flavor symmetric 
background: 
 
Top, W+W-, Z->ττ 
others 

More signal regions than in Run-1: 
!  Bin in Njets, Nbjets, ET

miss and Mll 

Special signal region following ATLAS recipe 

1/15/16	  



Dilepton + MET!
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Data consistent with expectations 
SUSY interpretation of the Run-1 excess is strongly disfavored 

On-‐shell	  Z	   Edge	  

1/15/16	  



SUSY summary!
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Hadronic	  

1-‐lepton	   Same	  sign	  dilepton	  

Opposite	  sign	  dilepton	  

From	  D.Stuart	  

1/15/16	  



Resonance searches!
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By	  G.Flanagan	  

1/15/16	  



Dilepton resonances!
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Bread	  and	  butter	  search	  
Backgrounds:	  
!  Z-‐>ll	  
!  Top,	  Dibosons…	  
!  Fake	  leptons	  

1/15/16	  



Dilepton resonances!
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Bread	  and	  butter	  search	  

At	  high	  mass	  resolution	  in	  ee	  channel	  is	  better	  	  
1/15/16	  

Backgrounds:	  
!  Z-‐>ll	  
!  Top,	  Dibosons…	  
!  Fake	  leptons	  



Dilepton resonances!
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Excluding at 95% C.L. Z’(SM)<3.15 TeV and Z’(ψ) <2.6 TeV  

Exceeds	  corresponding	  Run-‐1	  20-‐x	  limits	  of	  2.9	  and	  2.5	  TeV	  

1/15/16	  



Dijet resonances!
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Strong production: dijets provide 
an early discovery potential 

1/15/16	  



Early Run-2 Analysis!
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New Dijet Analysis!
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Limits	  extended	  up	  to	  7	  TeV	  
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Diboson resonances!
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Above MX  ≈1 TeV 
hadronic decay products 
of W/Z are reconstructed 
as a single jet object 
 

Event	  looks	  like	  a	  dijet	  
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W-tagging!
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N-‐subjettiness:	  a	  measure	  of	  how	  consistent	  a	  jet	  is	  with	  having	  N	  sub-‐jets	  

Used	  with	  Mjet	  to	  maximize	  S/B	  
1/15/16	  

QCD	  W	  



Diboson resonances!
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Diboson resonances!
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!  No excess at 2 TeV 
 
!  Modest excess in 2.5-3.0 

TeV range 
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Diboson resonances!
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Have not yet achieved Run-1 sensitivity 
Need more data for conclusive answer  

We	  also	  set	  limits	  on	  Graviton	  production	  
1/15/16	  



Diphoton resonances!
!  Two isolated photons ( pT>75 GeV and |η|<2.5 ) 
!  Search range 500<Mγγ<4500 GeV 
!  RS graviton model as signal 

S.Jindariani,	  Fermilab	  W&C	  seminar	   54	  

Events	  with	  both	  photons	  in	  the	  endcap	  (|η|>1.44)	  are	  rejected	  
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Diphoton resonances!
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�  Total of 1218 (596) diphoton pairs are selected in the EBEB (EBEE) 
category.  

�  97 (163) diphoton pairs with an invariant mass above 500 GeV  
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Diphoton resonances!
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Wider	  

Narrower	  

Local:	  	  2.6σ	  
Global:	  1.2σ	  

1/15/16	  

Combined	  EBEB	  and	  EBEE	  



ATLAS diphotons!
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Local:	  	  3.6σ	  
Global:	  2.0σ	  

1/15/16	  

Narrow	  Width	  Approximation	  



Diphoton resonances!

S.Jindariani,	  Fermilab	  W&C	  seminar	   58	  

Combined	  13TeV	  and	  8	  TeV	  

Local:	  	  3.0σ	  
Global:	  1.7σ	  

8	  TeV	  analysis	  	  (HIG-‐14-‐006)	  
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On Inspire:!
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Since	  the	  submission	  on	  Dec	  16th	  

!  The 750 GeV diphoton resonance in the light of a 2HDM with S3 flavour symmetry  

!  Interpreting 750 GeV Diphoton Resonance in the NMSSM with Vector-like Particles  
 
!  Interpreting the 750 GeV diphoton excess in minimal extensions of Two-Higgs-Doublet models  

!  Implications of Gauge Invariance on a Heavy Diphoton Resonance  

!  Interpreting 750 GeV diphoton excess in SU(5) grand unified theory 

!  Interpreting the 750 GeV Di-photon Resonance using photon-jets in Hidden-Valley-like models  

!  The Minimal Scalar-Stealth Top Interpretation of the Diphoton Excess 

!  Higgs-radion interpretation of 750 GeV di-photon excess at the LHC 
 
!  Running after diphoton 

!  and many many others 
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On Inspire:!
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!  What	  is	  the	  origin	  of	  this	  excess?	  

!  Is	  this	  a	  new	  particle?	  Couplings?	  Spin?	  

!  How	  does	  it	  fit	  into	  bigger	  scheme	  of	  new	  physics?	  

!  Are	  there	  more	  resonances?	  At	  what	  mass?	  

!  Time	  and	  more	  data	  will	  tell!	  	  
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Happy New Year 2016!
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!  In a new place – end of first year of operations after a long stop after Run 1.   
!  Having got over the hangover… 

Re-‐commissioning	  

March	  

Technical	  stop	  

May	   November	  

Proton-‐proton	  running	   Heavy	  Ion	  
running	  

1/15/16	  

From	  M.Lamont’s	  talk	  at	  
Evian’15	  workshop	  



Happy New Year 2016!
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!  In a new place – end of first year of operations after a long stop after Run 1.   
!  Having got over the hangover… 

Re-‐commissioning	  

March	  

Technical	  stop	  

May	   November	  

Proton-‐proton	  running	   Heavy	  Ion	  
running	  

GREATER 

Expect: 
 
!  ~ 20 fb-1 in 2016 

!  ~100 fb-1 by end of 2018 
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What to expect in 2016?!
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More	  data	  helps:	  
!  Improves	  statistics	  
!  Better	  handle	  on	  systematics	  	  



What to expect in 2016?!
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•  Differential	  X-‐Sections	  (BGs,	  PDFs)	  

•  W/Z	  plus	  Heavy	  Flavor	  

•  Multibosons,	  ttV	  

•  Anomalous	  Couplings	  

•  ….	   Standard	  Model	  

More	  data	  helps:	  
!  Improves	  statistics	  
!  Better	  handle	  on	  systematics	  	  

1/15/16	  



•  Differential	  X-‐Sections	  (BGs,	  PDFs)	  

•  W/Z	  plus	  Heavy	  Flavor	  

•  Multibosons,	  ttV	  

•  Anomalous	  Couplings	  

•  ….	  

What to expect in 2016?!
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•  Interesting	  after	  ~5	  x-‐1	  

	  
•  (Anomalous)	  Couplings,	  Mass,	  Width	  
	  
•  H-‐>bb	  after	  ~10	  x-‐1	  

•  ttH	  after	  ~20	  x-‐1	  

Higgs	  

W&C	  by	  Si	  Xie:	  
http://theory.fnal.gov/jetp/talks/Si-‐FNALWineAndCheese20150515.pdf	  

More	  data	  helps:	  
!  Improves	  statistics	  
!  Better	  handle	  on	  systematics	  	  



•  Differential	  X-‐Sections	  (BGs,	  PDFs)	  

•  W/Z	  plus	  Heavy	  Flavor	  

•  Multibosons,	  ttV	  

•  Anomalous	  Couplings	  

•  ….	  

What to expect in 2016?!
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•  Interesting	  after	  ~5	  x-‐1	  

	  
•  (Anomalous)	  Couplings,	  Mass,	  Width	  
	  
•  H-‐>bb	  after	  ~10	  x-‐1	  

•  ttH	  after	  ~20	  x-‐1	  
W&C	  by	  Si	  Xie:	  
http://theory.fnal.gov/jetp/talks/Si-‐FNALWineAndCheese20150515.pdf	  

•  Watch	  early	  excesses	  	  

•  Extend	  the	  reach.	  Need	  to	  ~double	  the	  dataset.	  	  

•  3rd	  gen	  SUSY	  with	  5-‐10	  x-‐1.	  	  

•  Electroweak	  ~20-‐30	  x-‐1	  

New	  Physics	  	  

More	  data	  helps:	  
!  Improves	  statistics	  
!  Better	  handle	  on	  systematics	  	  



Conclusions!
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!  CMS had great year coming out of shutdown. Feels great to be running 
again!!! 

 
!  With 2.8 fb-1 of data we are in the uncharted waters  

!  Expect new/updated results based on 2015 dataset by Moriond. More 
by ICHEP and end of the year 2016. 

!  Next year promises to be exciting, with rich physics program ahead. 
Stay tuned for updates  

Fireworks	  in	  
Geneva,	  Switzerland	  
on	  New	  Years	  Eve	  	  
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Backup!
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Physics objects!
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Lepton identification and energy scale 

Electrons	   Photons	  
Muons	  
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Physics objects!

S.Jindariani,	  Fermilab	  W&C	  seminar	   70	  

Jet/MET energy scale and 
resolution, b-tagging 

MET	  resolution	  from	  Z	  events	  

B	  vs	  light-‐jet	  discriminator	  

Jet	  Energy	  Scale	  
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SUSY hadronic!
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Backgrounds:	  
!  QCD	  –	  can	  be	  strongly	  suppressed	  with	  MET	  and	  

topological	  cuts	  
!  Z+jets	  -‐>	  νν	  +	  jets	  
!  Lost	  lepton	  (W+jets,	  top,	  dibosons)	  with	  lepton	  not	  

reconstructed	  in	  the	  detector	  
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SUSY hadronic RA2!
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SUSY hadronic!
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HT+MHT,    MT2,    αT,    “Razor” 

Classic	  case	  HT
+MHT:	  
-‐  HT:	  scalar	  sum	  of	  the	  

jet	  pT’s	  
-‐  MHT:	  	  negative	  

vectorial	  sum	  of	  jet	  
PT’s	  

MT2	  (Stranverse	  mass	  ):	  

For	  SUSY	  MT2~MET,	  for	  QCD	  MT2<<MET	  	  

Razor:	  

!  Bin	  in	  MR	  and	  R	  
!  Large	  R	  for	  signal,	  small	  

for	  QCD	  

AlphaT:	  
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SUSY hadronic!
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q	  

q	  

!  No real ET
miss 

 

!  Removed by large 
ET

miss requirements 
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SUSY hadronic!
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Lepton	  we	  are	  
vetoing	  on	  	  	   Real	  ET

miss	  from	  the	  neutrino	  

Probability of top event to 
pass lepton veto:  
	  
-  Electrons ~30% 
-  Muons  ~20% 
-  Taus  ~50% 
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SUSY hadronic!
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Signal	  
Region:	  	  

0-‐	  leptons	  

Control	  
Region:	  
	  1-‐	  lepton	  

Extrapolate	  using	  MC	  
corrected	  for	  lepton	  id/reco	  

effects	  	  

Primarily	  interested	  in	  
modeling	  of	  hadronic	  recoil	  

Lepton	  we	  are	  
vetoing	  on	  	  	   Real	  ET

miss	  from	  the	  neutrino	  
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SUSY hadronic!
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Irreducible	  Z+jets	  -‐>νν+jets	  	  background	  
!  Use similar signatures in data 
!  Project into search region 

γ	  W	  

μ	  

Clean	  and	  direct,	  
But	  low	  stats.	  

Large	  stats,	  but	  has	  BG	  
and	  theory	  uncertainties	  

Z	  

μ	  
μ	  

ν	  

Z	  

ν	  
ν	  

MET	  
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SUSY hadronic!
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γ	  W	  

μ	  

Clean	  and	  direct,	  
But	  low	  stats.	  

Large	  stats,	  but	  has	  BG	  
and	  theory	  uncertainties	  

Z	  

μ	  
μ	  

ν	  

We use all of them 

Z	  

ν	  
ν	  

MET	  

Irreducible	  Z+jets	  -‐>νν+jets	  	  background	  
!  Use similar signatures in data 
!  Project into search region 
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SUSY hadronic!
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!  Set limits in (gluino, LSP) mass plane 
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Dilepton + MET!
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Dilepton resonances!
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Diboson resonances!
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Define	  categories	  (W-‐like	  or	  Z-‐like)	  based	  on	  jet	  
mass:	  
-‐	  3	  catgories	  for	  hadronic	  channel	  (WW,	  WZ,	  ZZ)	  
-‐	  2	  categories	  for	  semi-‐leptonic	  channel	  (WW,	  
WZ)	  	  

Different	  Background	  prediction	  techniques	  
-‐>	  fit	  using	  parametric	  function	  (dijet)	  
-‐>	  from	  sidebands	  in	  jet	  mass	  (l+jet)	  
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W-tagging!
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N-‐subjettiness:	  a	  measure	  of	  how	  consistent	  a	  jet	  is	  with	  having	  N	  sub-‐jets	  

Used	  together	  with	  Mjet	  to	  maximize	  S/B	  
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Diboson resonances!
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Gbulk	  	  model	   W’	  model	  
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W’-> lnu!
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W’-> tb!
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Diphoton resonances!
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�  Three main backgrounds: 
�  Prompt diphotons 
�  Photon+jet  
�  Dijets 

�  Background comparison using 2 methods (template fit in the 
isolation distribution and simulation) 
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Diphoton resonances!
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Diphoton resonances!
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�  Three main backgrounds: 
�  Prompt diphotons 
�  Photon+jet  
�  Dijets 

�  Background comparison using 2 methods (template fit in the 
isolation distribution and simulation) 
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Diphoton resonances!
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!  Background:	  
!  Signal:	  	  intrinsic	  RS	  width,	  corrected	  for	  the	  additional	  Gaussian	  smearing	  



Diphoton resonances!
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Diphoton resonances!
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Diphoton resonances!
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k=0.15	  



Diphoton resonances!
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k=0.01	   k=0.2	  

EB	  vs	  EE	  breakdown	  



Diphoton resonances!
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k=0.01	   k=0.2	  



Diphoton resonances!
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ATLAS	  8	  TEV	  



Resonances!
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Z’-‐>ttbar	  
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Pileup!
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Maximize	  the	  integrated	  luminosity	  "	  large	  pileup	  

78	  p-‐p	  collisions	  in	  the	  same	  bunch	  crossing	  from	  Run	  1	  
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Dilepton + MET!
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Two	  leptons	  (same	  flavor,	  opposite	  charge),	  jets	  and	  MET	  

On-‐shell	  Z	   Edge	  

CMS	  Run-‐1	  result	  ATLAS	  Run-‐1	  result	  
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